Abstract
first generation products of these reactions, carbonyl oxides (often named Criegee 23 intermediates), is essential in defining the oxidation pathways of organic compounds in the 24 atmosphere but is highly challenging due to the short lifetime of these zwitterions. Here, we 25 report the development of a novel online method to quantify atmospherically relevant Criegee 26 intermediates (CIs) in the gas phase by stabilisation with spin traps and analysis with proton 27 transfer reaction mass spectrometry. Ozonolysis of α-pinene has been chosen as a proof-of-28 principle model system. To determine unambiguously the structure of the spin trap adducts 29 with α-pinene CIs, the reaction was tested in solution and reaction products were 30 characterised with high-resolution mass spectrometry, electron paramagnetic resonance and 31 nuclear magnetic resonance spectroscopy. DFT calculations show that addition of the Criegee 32 intermediate to the DMPO spin trap leading to the formation of a 6-membered ring adduct 33 occurs through a very favourable pathway, and that the product is significantly more stable 34 than the reactants, supporting the experimental characterisation. A flow tube set up has been 35 used to generate spin trap adducts with α-pinene CIs in the gas phase. We demonstrate that 36 spin trap adducts with α-pinene CIs also form in the gas phase in a flow tube reaction system 37 3 between new particle formation and cloud condensation nuclei formation. 13, 14 The suggested 70 formation pathway of ELVOCs rely on initiation via ozonolysis of terpenes, and therefore CI 71 formation, followed by an autoxidation process involving molecular oxygen 72 (vinylhydroperoxide pathway). 13 , 15 
73
The analysis of Criegee intermediates represents an analytical challenge due to their 74 characteristic high reactivity and short lifetime. Despite decades of theoretical studies 6, [16] [17] [18] 75 and indirect experimental evidence 1, [19] [20] [21] [22] supporting the importance of Criegee radicals in the 76 troposphere, it was only in 2008 that direct detection of the formaldehyde oxide, the simplest 77 CI, was reported through direct measurement. 23 Moreover, in 2012 Welz et al. 24 showed that 78 formaldehyde oxide could be formed directly from the reaction of iodomethyl radical with 79 O 2 , triggering significant research activities to study the kinetics of CIs with important 80 tropospheric species, such as SO 2 , water and water dimer, [24] [25] [26] [27] [28] to determine •OH production 81 from CI unimolecular decomposition, [29] [30] [31] to develop new methods for their direct 82 measurement 32, 33 and theoretical studies [34] [35] [36] [37] [38] . 83
Ozonolysis of alkenes is highly exoergic and produces a plethora of compounds that 84 scavenge CIs, like the carbonyl species produced in a 1:1 ratio at the initial stage of the 85 ozonolysis, making the observation of CIs very difficult.
5, 33 The advent of a new method for 86 synthesising CIs from the photolysis of diiodoalkanes, producing α-iodoalkyl radicals that 87 produce CIs from subsequent reaction with O 2 , opened up to a series of new studies for direct 88 kinetic measurements. 24 Direct kinetic measurements of the reaction between formaldehyde 89 oxide (CH 2 OO) and SO 2 , NO 2 , NO, and H 2 O, have been performed using synchrotron 90 photoionisation mass spectrometry (PIMS). 24 Later on, the same technique led to the 91 discovery of the conformer-dependent reactivity of the syn-and anti-acetaldehyde oxides 27 , 92 capable of distinguishing the two conformers from the difference in ionisation energy. Direct 93 detection of formaldehyde oxide in near-UV cavity ring down spectroscopy 28 has proven to 94 be a valuable method for direct kinetic studies, together with UV-Vis spectroscopy 25, 26, 39 and 95 IR spectroscopy 32 . The latter was used additionally for direct detection of the large β-pinene 96
Criegee from ozonolysis reaction and it is potentially applicable to different CIs. 33 
97
In the present study, we report on the development of a novel method to detect CIs from 98 terpenes and other large alkenes in the gas phase by reaction and stabilisation with spin traps, 99 molecules widely applied for detection of free radicals in solutions with electron 100 paramagnetic resonance, [40] [41] [42] [43] [44] [45] and quantification with proton transfer reaction mass 101 spectrometry. The method proposed here is suitable for online quantification of CIs in the gas 102 4 phase and allows for the unambiguous identification of CI-spin trap adducts in complex 103 organic mixtures. This technique will therefore provide the long needed tools to study CI 104 reactions and kinetics under atmospherically relevant conditions. 105 106
Materials and Methods

107
Reagents 108
For bulk and gas phase experiments α-pinene (98% (+/-)-α-pinene, Aldrich) and oleic acid 109 (≥99%, GC grade, Sigma-Aldrich) were reacted with ozone produced by a UV lamp 110 (185/254 nm, Appleton Woods®). The spin traps 5,5-dimethyl-pyrroline N-oxide (DMPO) 111 (≥97%, GC grade, Sigma) and N-tert-butyl-α-phenylnitrone (PBN) (≥98%, GC grade, Sigma) 112 were used in this study to capture and stabilise the Criegee intermediates. 
Bulk ozonolysis 119
The olefinic precursor (α-pinene or oleic acid) and the spin trap (DMPO or PBN) were 120 dissolved in 100 mL of acetonitrile (solvent used in previous ozonolysis studies 46 ) at room 121 temperature (16-18°C) at a concentration of 1 mM for the olefinic compound and 2 mM for 122 the spin trap. The solution was placed in an ice bath for the reaction as the spin trap adducts 123 are more stable at lower temperatures and to minimise solvent evaporation. 47 
124
The UV lamp used for ozone production was switched on and equilibrated for at least 20 min 125 with a flow of synthetic air (Zero grade, BOC) at 0.3 L/min before the start of the reaction. Control experiments of ozonolysis of only the spin traps (DMPO+O 3 and PBN+O 3 ) or the 134 olefinic precursors (α-pinene+O 3 , and oleic acid+O 3 ) were also done under the same 135 experimental conditions. All solutions were analysed with electrospray ionisation high-136 resolution mass spectrometry (ESI-HRMS), electron paramagnetic resonance (EPR) and 137 nuclear magnetic resonance (NMR) following the procedures described in the following 138
sections. 139
A strict control of reagent concentrations seems necessary to ensure efficient production of 140 CI-spin trap adducts, including stabilisation of ozone output from the UV lamp prior to the 141 start of the reactions. As the spin trap also reacts with ozone, the starting concentrations of 142 reagents and reaction times have to be carefully optimised to assure efficient CI-spin trap 143 adduct formation. Traces of water dissolved in solution do not seem to affect the efficiency of 144 the reaction. Tests performed with up to 1% of water in acetonitrile showed no significant 145 decrease of the CI-spin trap signals in direct infusion ESI-HRMS. 146
ESI-HRMS and HPLC-ESI-HRMS analyses 147
The reaction mixtures were analysed with direct infusion in ESI in positive ionisation (flow 148 rate 5 µL/min, spray voltage 3.0 kV, transfer capillary temperature 275°C, Sheath flow 12 149 L/min, S-Lens RF Level 60%) coupled to a high-resolution mass spectrometer (LTQ Velos 150
Orbitrap, Thermo Scientific, Bremen, Germany) with a resolution of 100 000 at m/z 400 and 151 a typical mass accuracy within ±2 ppm. Data were acquired in full scan in the m/z range 100-152 600 and in MS/MS with a collision-induced dissociation (CID) energy of 30 (normalized 153 collision energy). The instrument was calibrated routinely with a Pierce LTQ Velos ESI 154
Positive Ion Calibration Solution (Thermo Scientific). 155
The α-pinene CI adducts with DMPO and PBN were analysed also with HPLC-HRMS using 156
an Accela system HPLC (Thermo Scientific, San Jose, USA) coupled with a LTQ Velos 157
Orbitrap. A T3 Atlantis C18 column (3 µm; 2.1×150 mm; Waters, Milford, USA) was used 158 for chromatographic separation. Injection volume was 50 µL. Mobile phases were (A) water 159 with 0.1% formic acid and (B) methanol. Separation was done with two different elution 160 programs detailed in section S1.1 in the supporting information. 161
EPR analysis 162
Samples were kept in dry ice overnight before analysis. Under these conditions, no 163 significant degradation of CI-DMPO adducts occurred as shown by ESI-HRMS analysis. 164
Prior to EPR analysis solutions were transferred into quartz tubes (ID=3 mm) and 165 subsequently deoxygenated. The ESR spectra were obtained by a Bruker ECS spectrometer 166 6 operating at X-band equipped with a TMH resonator. Typical acquisition conditions were: 167 microwave power 6 mW, acquisition time 40 ms/point, modulation amplitude 0.3 G (0.03 168 mT), number of scans 10. The spectra were fitted with the standard software PEST package 169 from NIEHS.
170
NMR analysis 171
Solvent was evaporated from 100 mL of sample solution to ~1 mL under a gentle flow of N 2 . 172
The Criegee-spin trap adduct was separated with HPLC using the methods described in 173 section S1.2. Fractions containing the separated adduct have been collected (4 times, 50 µL 174 of sample injected in HPLC), combined, evaporated to dryness, and recovered with 1mL of 175 deuterated acetonitrile. 176
Direct analysis of the reaction mixture without prior HPLC separation resulted in a NMR 177 spectrum dominated by signals from unreacted reagents and secondary products which made 178 the identification of key signatures from the CI-DMPO adducts difficult. HPLC-ESI-HRMS 179 has therefore been used to isolate the α-pinene CI-DMPO adducts ( Figure S4 ), however, 180 probably due to the volatility of the adducts, it was not possible to concentrate the solution 181 enough for NMR detection. For this reason, NMR has been conducted on the CI-PBN 182 adducts only (HPLC-ESI-HRMS in Figure S5 ). PBN is non-volatile, but has the same nitrone 183 functional group as DMPO, and is expected to react in the same way as DMPO as supported 184
by ESI-HRMS analysis ( Figure S2 ). 185
The NMR spectra were acquired on a 500 Mhz Bruker Avance III HD, with Dual Cryoprobe 186 (carbon observe). The software Topspin3.2 was used to acquire and Topspin 3.5pl5 to 187 process the data. Full characterisation including 1 58 As the geometries and the energy differences calculated by the two functionals are 197 7 very similar in the section 3.2 only the BP86 results will be discussed (see Table S3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . In all cases, we observe all expected α-pinene CI-PBN adducts (the two adducts have the 287 same mass) and oleic acid CI-DMPO adducts (two adducts with two different masses). 288
The room temperature EPR spectra in acetonitrile of the α-pinene CI-DMPO sample and 289 DMPO+O 3 control sample are shown in Figure 3 . Both spectra are characterised by the 290 10 presence of a single species with hyperfine interaction with a nitrogen (a 0 =6.9 G) and two 291 equivalent protons (a 0 =3.5 G). The hyperfine splitting of the nitrogen is unusually low 292 compared with typical spin adducts of DMPO (~15 G). 62 The spectra are instead consistent 293 with that reported for DMPOX (5,5-dimethyl-2-pyrrolidone-N-oxyl, see structure in Figure  294 3), a degradation product found under harsh oxidizing conditions, 63 for which values of 6.27-295 6.87 G and 3.18-3.65 G for the hyperfine coupling constants of nitrogen and protons in 296 different solvents were found in a previous study.
62 ESI radical species were observed, and in particular no radical-type spin adducts with α-pinene 305 CIs were found. This is consistent with a previous work from Pryor et al.
40
, in which spin 306 traps have been used to study formation of radicals from ozone-olefin reactions at -78ºC in 307
Freon-11, and no Criegee-spin trap adducts have been observed with EPR. 308
From the results of the ESI-HRMS and EPR analyses we hypothesised the formation of a 309 non-radical adduct by cycloaddition of the carbonyl oxides to the nitrone group of the spin 310 traps forming a 6 atoms heterocycle (Figure 4) . 311
As described in the method section, NMR analyses were performed with the spin trap PBN 312 due to its lower volatility compared to DMPO (proposed reaction mechanism between α-313 pinene CI and PBN are analogous to reaction shown in Figure 4 ). NMR analysis of the 314 purified CI-PBN adducts (see section 2.2.3 "NMR analysis" for details on sample preparation 315 and method) confirms the presence and the structure of the CI K -PBN adduct as shown in 316 Figure 5 from the characteristic triplet of the proton of the -CH between the two oxygen 317 atoms and signal of the proton of the -CH between the nitrogen and oxygen atoms in the 318 heterocycle, nicely matching the simulation in Table S2 . NMR spectra suggests also the 319 presence of the CI A -PBN adduct, however at lower concentration as observed from the lower 320 intensity of signals in NMR associated with the CI A -PBN adduct. The presence of the CI A -321 PBN adduct can be observed also from the double peak of the proton at ~5.77 ppm (Figure  322 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 (CI A(180) and CI K(180) ; see Figure S17 ). The two CIs in this conformation are slightly less 358 stable than CI A(0) and CI K(0) (about 0.2 kcal/mol for CI A(180) and 2 kcal/mol for CI K(180) ), and 359 CI A(180) is more stable than CI K(180) by 3.5 kcal/mol. 360
The cycloaddition of the two CIs to the spin-trap DMPO can occur through the attack of the 361 carbon atom of the CI to either the nitrogen or the oxygen atoms of the DMPO nitrone group 362 leading to the formation of a 5-membered or a 6-membered ring respectively. Recent IR 363 spectrum of the parent CI CH 2 OO, 32 as well as earlier theoretical calculations, 6 are more 364 consistent with a zwitterion (1,3 dipole) rather than a diradical nature of CIs. Therefore, the 365 two reactions described above can be considered as 1,3 dipolar cycloaddition reactions. It is 366 important to note that the reaction of the two CIs with the spin-trap DMPO can generate four 367 stereoisomers as the ring closure leads to the formation of two stereogenic centres, one at the 368 carbon atom of the CI, and the other at the carbon atom of the nitrone group. These four 369 stereoisomers (neglecting the chirality of the CI) consist of the two RR/SS and RS/SR pairs 370 of enantiomers. In addition, the 6-membered ring adducts can adopt two conformations which 371 differ for the relative cis/trans orientation of the nitrogen lone pair and the hydrogen of the 372 adjacent carbon atom (like in the cis and trans decaline). It is important to note that the trans 373 conformation is originated from the CIs in the '180°' conformation (CI A(180) /CI K(180) ), 374 whereas the cis conformation is generated when the reactant CIs are in the '0°' conformation 375 (CI A(0) /CI K(0) ). In the 5-membered ring adducts, due to the stereospecific mechanism of the 376 addition reaction, which occurs with retention of configuration, only the product with the cis 377 orientation of the terminal oxygen bounded to nitrogen and the adjacent carbon atom can be 378
formed. 379
The relative stabilities of all of the isomers investigated, and the free energy of the CI + 380 DMPO → CI-DMPO reaction leading to their formation are reported in Table S4 . Notably, 381 the adducts formed by the attack of CI to the oxygen atom of the nitrone group of DMPO 382 with closure of the 6-membered ring are significantly more stable than the adducts in which 383 the attack occurs to the nitrogen atom to give the 5-membered ring. The relative stabilities are 384 also strongly dependent by the nature of the CI, as the adducts formed by the addition of the 385 CI K intermediate are more than 9 kcal/mol lower in energy than those formed by the addition 386 of CI A . In the case of the 6-membered ring adducts, the two pairs of diasteroisomers are 387 almost isoenergetic with the RR/SS stereoisomers slightly more stable than RS/SR ones, 388 whereas for the 5-membered ring adducts the difference in stability is larger, being the RR/SS 389 stereoisomers more than 6 kcal/mol lower in energy than the RS/SR ones. The geometry of 390 the most stable stereoisomer for each of the four adducts investigated is shown in Figure S18 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 Calculated free energy of reactions (∆G r ) shows that addition of CI K to DMPO with 392 formation of the 6-membered ring adduct is strongly exoergonic with the ∆G r value, referred 393 to the formation of the most stable stereoisomer, as low as -32 kcal/mol. The ∆G r calculated 394 for the corresponding most stable adduct obtained by the reaction of CI A is equal to about -19 395 kcal/mol. The reaction of CI K with DMPO to give the 5-membered ring adduct is still 396 exoergonic by about -13 kcal/mol, whereas the reaction with CI A is slightly endoergonic (see 397   Table S4 ). adduct is reported in Figure S19 . 419
The simplified orbital diagram reported in Figure S20 can explain the mechanism of the 420 addition of the CI to the DMPO to give the 6-membered ring adduct. react with the spin trap but does not produce a stable adduct according to the reaction 533 mechanism proposed by Adam et al. 70 The vinyl hydroperoxides produced from the 534 decomposition of the CIs are produced with a high excess energy and should promptly 535 decompose to produce •OH. 71 Nevertheless, some stabilisation mechanism may increase their 536 lifetime and the reaction with DMPO may produce an interference, the extent of which has to 537 be assessed in future investigations. The hydroperoxide formed in the reaction of α-pinene 538 with •OH, the latter being generated in high yields in the gas phase, has a mass 1 Da larger 539 than that of the CIs and should produce a stable radical adduct with a mass 1 Da larger than 540 that of the CIs-DMPO adducts. There are no available data on the stability of those species in 541 the gas phase but if this adduct would decompose by losing an H atom then this could 542 potentially interfere with the CI adduct measurement. The closest information we found in 543 the literature about DMPO adduct stabilities are measurements of the DMPO-OH radical with 544 a half-life of ca. 3 mins in water 72 and in vivo 73 which is significantly longer than the 545 residence time of ca. 1.5 s from the mixing point of DMPO to the PTR-ToF-MS. Therefore, a 546 potential hydroperoxide adduct interference is likely very minor under our experimental 547 20 conditions. Detection limit for α-pinene CI-DMPO adducts is 0.03 ppb (3σ bl method) and 548 quantification limit is 0.10 ppb (10σ bl method) with a time resolution of 10s. The CI-DMPO 549 peak partly overlaps with the 13 C isotope of a contaminant and α-pinene oxidation product at 550 m/z ~297.16 (C 16 H 
Conclusions
564
We report, for the first time, the unambiguous identification and quantification of α-pinene 565
CIs through detection of their adducts with spin traps. We developed a new method to detect 566 and quantify CIs in the gas phase by stabilisation with spin traps and analysis with PTR-ToF-567
MS. This new technique offers for the first time a method to characterise highly reactive and 568 atmospherically relevant radical intermediates in situ and under temperature and pressure 569 conditions relevant for the lower troposphere, albeit at very high concentration of olefinic 570 precursor due to the otherwise very slow kinetic of the ozonolysis reaction. We showed that 571 carbonyl oxides efficiently react through cycloaddition to the nitrone group of the spin traps 572 and the non-radical adducts that form are stable enough to allow full characterisation with 573 HPLC-MS and NMR and online detection with PTR-ToF-MS. The method has a detection 574 limit of 0.03 ppb and repeatability (between different experiments) of ±0.5 ppb for α-pinene 575
CIs, offering a cost-effective, laboratory based technique to study highly reactive radical 576
intermediates. The method presented here has the potential to be used to detect a wide range 577 of CIs synthesised from different organic precursors opening up the possibility of detecting 578 multiple CIs simultaneously in a complex, multi-precursors system to simulate real-579 atmosphere processes, however challenges still remain to quantify CIs at atmospheric 580 concentrations. The method has the potential to be used for quantification of CIs although 581 specific calibration procedures need to be developed to improve quantification accuracy as 582 calibration standards are currently not available. The method proposed here is potentially 583 applicable to many different organic radical species opening up to the possibility of 584 characterising these highly reactive and short-lived species in many areas of physical and 585 organic chemistry where radical reactions are studied and deployed. 14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
